Abstract In this study, the effects on antioxidant activity and structure change of corn peptides (CPS) with 10 to 30 kDa molecular weight (MW) treated by pulsed electric field (PEF) technology were investigated. 2, 2-diphenyl-1-picrylhydrazyl (DPPH) inhibition was used to evaluate the antioxidant activity of CPS. Response surface methodology (RSM) was used to investigate the effects of PEF treatment parameters on antioxidant activity of CPS. The optimal conditions were as follows: concentration of CPS 10 mg mL −1 , electric field intensity 15 kV cm −1 , and pulse frequency 2,000 Hz. Under the optimized conditions, the DPPH inhibition of CPS increased 32.1 %, compared to the sample untreated. And mid-infrared spectroscopy (MIR) was used for analyzing the structure change of CPS. The results showed that PEF technology could obviously increase the DPPH inhibition of CPS under the optimized conditions (P<0.05).
Introduction
Corn peptides (CPS) are obtained by enzyme hydrolysis from corn gluten meal, which is a by-product of the starch industry containing approximately 60-65 % protein (Li et al. 2007) . Corn gluten meal is poor in nutritional quality and usually used as animal feed due to its deficiency of essential amino acids (such as lysine and tryptophan), insolubility in water, and peculiar smell (Dai et al. 2008) . However, in recent years, it was reported that CPS have some high bioactivities (Miao et al. 2010) , such as accelerating ethanol metabolism and reducing its concentration in blood plasma (Yamaguchi et al. 1996; Yamaguchi et al. 1997a) , affecting mammary tumor progression in female rats and displaying anti-breast cancer activity (Yamaguchi et al. 1997b) , and demonstrating resistance lipid peroxidation (Xu et al. 2002) . The current studies have focused on the various protein sources of peptides. Yet a thorough study on the antioxidant capacity of CPS is relatively less reasearched. It was reported that, CPS had higher antioxidative property and solubility than corn gluten, and the sequence of the purified peptide was found (Zheng et al. 2006) , Li et al. (2009) investigated that, CPS showed the same notable antioxidant activities, free radical scavenging and reducing activities in vitro as those of zein peptides (ZPS). And the effect of CPS on removing superoxide anion in vitro was also reported (Li et al. 2007) .
In view of food deterioration associated with free radical generation, our study attempted to measure the antioxidant activities of CPS by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) inhibition assay (Miliauskas et al. 2004) . In previous investigations, the DPPH inhibition assay had high reproducibility, standard equipment, and correlation for determining antioxidant activities in food ingredients (Prior et al. 2003; Thaipong et al. 2006; Wong et al. 2006) . Pulsed electric field (PEF) processing is an environmentally friendly and newly developing technique in food industry. This growing trend is due to its advantages of non-thermal processing, low energy consumption and short processing time. It has been shown to accelerate the extraction process, extend product quality, and provide flavor (Balasa et al. 2008 ). In our study, the improvement of DPPH inhibition of CPS treated by PEF was researched. Optimal conditions for PEF using response surface methodology (RSM) have been published previously (Wang et al. 2012a) . RSM is an effective statistical technique for optimizing complex processes. The main advantage of RSM is the reduced number of experimental trials needed to evaluate multiple parameters and their interactions . Therefore, it is less laborious and time consuming than other approaches to optimize a process. Therefore, the aim of this research was to investigate the effects of CPS of molecular weight (MW) 10 to 30 kDa treated by PEF technology on antioxidant activity.
Materials and methods

Materials and reagents
Corn gluten meal (protein content of 66.40 %) was purchased from Dacheng Co. (Changchun, China). Alcalase (enzymic activity 20,000 U g (Beijing, China) and were all of analytical grade purity.
Instruments
The PEF system was self-designed by professor Yongguang Yin, and was described in previous studies Lin et al. 2012b) . μQuant microplate reader (Bio-Tek Instrument, USA.) was used to measure the absorbance, ultra filtration (UF) equipment (Millipore, Bedford, MA) was used to separated CPS, IRPrestige-21 Fourier transform infrared spectroscopy (Shimadzu, Japan) were used to measure Midinfrared spectroscopy (MIR).
PEF treatment
The preparation process for CPS was shown in Fig. 1 . The pump and circuit of the PEF system were washed with deionized water and ethanol 2 or 3 times. The CPS powder was mixed with deionized water to result in different concentrations of peptide solution for experimental optimization. Afterwards, the peptide solutions were pumped into the PEF system at a flow velocity of 1.60 mL min . And then, the charge voltage and pulse frequency were adjusted to the desired experimental levels. The CPS sample circulated in the process The pH value of sample solution was regulated to 10, incubated in 60 o C water bath 9 % of alcalse (W/W) was added to sample solution. During the hydrolysis, the pH value was adjusted with 1 M NaOH to keep the change within ± 0.05 UF was used to fractionate enzymatic hydrolysates CPS with MW 10 to 30 kDa
The hydrolysis was stopped by heating at 90 ºC in water bath again for 10 min to inactivate the enzymes ) and 100 μL of methanol in 96-well microplate. The samples were incubated for 1.50 h at 37°C in a water bath. The DPPH radical has an absorption maximum at 520 nm, and the absorbance of DPPH was decreased by reduction of the antioxidant compound. The absorbance was measured by a μQuant BioTek microplate reader at 520 nm at 20°C. There were four cells made up for each treatment concentration, and each cell was measured once. Data were expressed as means±standard deviation (SD). All measurements were performed under reduced light. The decrease in absorbance at 520 nm was measured (A E ). A blank sample containing 100 mL of methanol in the DPPH solution was prepared daily, and its absorbance was measured (A B ). The DPPH experiment was performed in triplicate. DPPH inhibition was calculated using the following formula:
Where A B is the absorbance of the blank sample at 520 nm, and A E is the absorbance of the sample at 520 nm.
One-factor-at-a-time tests (OFAT) of PEF technology First, the effect of concentration on antioxidant activity was studied. The PEF-treated peptide solution was prepared in a series of concentrations of 6, 8, and 10 mg mL −1 respectively, were tested under the electric field intensity of 10 kV cm −1 , frequency of 2,000 Hz. Hereafter, the effect of electric field intensity on improving polypeptide antioxidant activity was studied. Three levels, 5, 10, and 15 kV cm −1 electric field intensity were used, while concentration and pulse frequency were fixed at 8 mg mL −1 and 2,000 Hz. Lastly, the effect of pulse frequency on antioxidant activity was studied. The sample solutions were prepared at a concentration of 8 mg mL
, and then treated by PEF under the electric field intensity of 10 kV cm −1 with the frequency of 2,000, 2,350, and 2,700 Hz, respectively.
Experimental design of RSM
In this study, RSM was used to evaluate the effect of the variables that might have impacts on the DPPH inhibition of CPS, according to the results of the independent variable experiments. Calculations were performed using the Design Expert Software (Trial Version 8.0.0, Stat-Ease Inc., USA). The variables and their ranges were chosen on the basis of the preliminary experiment results. A total of 15 experimental runs were performed for optimizing the three independent variables in the Box-Behnken design (BBD). These three independent variables were: peptide solution concentration (A), electric field intensity (B), and frequency (C). These three variables, labeled as X 1 , X 2 and X 3 respectively, were used to express the DPPH inhibition as shown in Table 1 .
MIR spectroscopy of functional groups MIR was performed with a resolution of 4 cm
, over the range (4,000-400 cm
, using a ultraviolet spectrometer). The KBr was dried at 130ºC and its spectrum was taken as the background. The CPS was treated by PEF under the optimized condition, freeze-dried, placed in sealed bags, and stored in desiccators. The KBr sample pellets were prepared by mixing 1 mg of sample with 200 mg of KBr. Treated sample and control were placed sample compartment with automatic accessory recognition at the scanning speed of 2.80 mm s −1 . After background correction, all spectra were baseline corrected, and then samples spectra were obtained.
Statistical analysis
Analysis of variance (ANOVA) was performed using the SPSS 13.0 software package (SPSS Inc., Chicago, Illinois, USA). Results were expressed as means ± SD of three replicated measurements. The coefficients of the second polynomial model and the responses obtained from each set of experimental design (Table 2) were subject to multiple nonlinear regressions using Design-Expert 8.0 software (Static Made Easy, Minneapolis, MN, USA.). The significance of the regression coefficients were also tested using an F-test. The quality of the fit of the polynomial model equation was expressed by the coefficient of correlation (R 2 ). The regression coefficients were used for statistical calculation to generate dimensional and contour maps from the regression models. Significant differences were determined with 95 % confidence intervals (P<0.05).
Results and discussion
Effects of concentration on antioxidant activity
The effects of concentration of CPS on antioxidant activity were shown in Fig. 2a . The results showed that, when the concentration of CPS increased from 0 to 10 mg mL −1 , the DPPH inhibition significantly increased (P< 0.05). The highest value was 50.05 ± 1.61 %, obtained from 10 mg mL −1 of concentration of CPS. Therefore, concentration of 10 mg mL −1 was chosen as the best ratio parameter for the other experiments. The results investigated that concentration of peptide solution had obvious influence on the antioxidant activity of polypeptides after treated by PEF technology. The reason might be that, different concentration lead to different liquid content of the material, and cause the dielectric constant changes. Eventually, the electrolysate produced by PEF processing are easier to penetrate cell membrane and combine with active peptides. Consequently, the concentration of peptides salution has an effect on the activity of peptides.
Effects of electric field intensities on antioxidant activity Figure 2b illustrates that the DPPH inhibition of CPS was influenced by electric field intensity. When the electric field intensity was increased from 0 to 10 kV cm
, the DPPH inhibition increased from 35.50±1.43 % to 48.54±1.25 %. The results indicated that the highest value of antioxidant ; Frequency increased from 0 to 2,700 Hz. The same letter means that the variance of two samples is not significant (P>0.05), and the different letters mean that variance of two samples are significant (P<0.05). Values are means ± SD activity of DPPH inhibition was 48.54±1.25 %, when the electric field intensity was 10 kV cm −1 . However, when the electric field intensity increased from 10 to 15 kV cm −1 , DPPH inhibition decreased from 48.54±1.25 % to 45.83± 0.49 %. The similar tendency has been reported previously ). These results may be from the effects of polarization of the protein molecule and polarized structures, which tend to attract each orther by electrostatic forces (Jin et al. 2011; Lin et al. 2013 ). Therefore, a PEF electric field intensity of 10 kV cm −1 was used in the following experiments.
Effects of frequency on antioxidant activity Figure 2c shows that the antioxidant activity changed slightly when PEF pulse frequency was changed. According to the results, the DPPH inhibition was correlated with the frequency, and the highest value (30.50± 1.43 %) was obtained with frequency of 2,000 Hz. However, when the frequency was increased from 2,000 to 2,700 Hz, the DPPH inhibition significantly decreased (P < 0.05). Therefore, a frequency of 2,000 Hz was used in the following experiments. Based on previous studies of PEF processing on food preservation and extraction, an increase of pulse duration and frequency was shown to cause changes of the structure of cell membranes and protection of some nutrients in large molecules Wang et al. 2012b) . In this study, the lower level of frequency (2,000 Hz) could positively affect the DPPH inhibition of CPS.
Analysis and model fitting RSM
To visualize the effects of the independent variables on the dependent one, surface response and contour plots of the quadric polynomial models were generated by varying two of the independent variables within the experimental range (−1,1) while holding the other two constants at the central point. Based on the OFAT tests, the effects of the parameters were investigated to obtain an optimized, experimental condition of PEF processing. The optimal model generated was a second-order polynomial equation. Where Y is the absorbance value of the DPPH inhibition at 520 nm, and X 1 , X 2 , X 3 are the variables for the concentration of corn peptide suspension (mg mL ) and frequency (Hz), respectively. The regression model of RSM was tested by ANOVA, as shown in Table 3 . The P-value of the model was 0.01, which meant that the model was significant. And the P-value of lack of fit was 0.10, which meant that the model does not significantly lack fit ). The value of adjusted determination coefficient, R 2 adj. was 0.95, which indicated a high degree of correlation between the observed and predicted values. The value of adequate precision was 8.95, which indicates an adequate signal. Therefore, the regression model could be used to navigate the design space. The P-values were used as the tools to check the significance of each coefficient. The smaller the P-value, the more significant was the corresponding coefficient. According to the ANOVA for DPPH inhibition as shown in Table 3 , concentration (X 1 ), electric field intensity (X 2 ), concentration squared (X 1 ×X 1 ), and frequency squared (X 3 ×X 3 ) exerted significant effects (P<0.05). Meanwhile, the other coefficients: frequency (X 3 ), the interactive effect of concentration and electric field intensity (X 1 ×X 2 ), the interactive effect of concentration and frequency (X 1 ×X 3 ), the interactive effect of electric field intensity and frequency (X 2 ×X 3 ), and electric field intensity squared (X 2 × X 2 ) were not significantly influential (P>0.05).
Response surface and contour plots
The results of response surface analysis generated by combining two of three independent variables versus the corresponding DPPH inhibition are profiled in Fig. 3 . The contour plots at the bottom of the response surface presenting an elliptical shape means that the interaction effect was significant. As shown in Fig. 3a and b , for the electric field intensity lower than 10 kV cm −1 , the positive effect of concentration on DPPH inhibition of CPS could be observed. And for the concentration higher than 7.50 mg mL −1
, the positive effect of electric field intensity on DPPH inhibition of CPS could be observed. The effect of concentration and frequency on DPPH inhibition of CPS was illustrated in Fig. 3c and d , when the electric field intensity was fixed at 10 kV cm , concentration and frequency demonstrated quadratic effects on DPPH inhibition. When the frequency was kept from 2,175 Hz to 2,525 Hz, the significant quadric effect of DPPH inhibition was shown at the increase of concentration ranging from 7 to 9 mg mL −1
, and DPPH inhibition obtained the highest value (69.07 %). The effect of electric field intensity and frequency on DPPH inhibition of CPS was illustrated in Fig. 3e and f, and the concentration was constant at 8 mg mL −1
. The results indicated that the increase in electric field intensity led to a rise of DPPH inhibition of CPS when frequency was kept from 2,175 Hz to 2,525 Hz. By analyzing the plots, the optimal conditions for PEF treatment were 10 mg mL −1 concentration, 15 kV cm −1 electric field intensity, and 2,000 Hz frequency. In these optimal conditions, the validated experimental DPPH inhibition was 76.46 %, which matched the predicted value well.
Analyzed by MIR spectroscopy According to Fig. 4 , -OH stretch was observed at 3,650 -3,580 cm −1 and 3,400 -3,200 cm −1 , -NH 2 and -NH stretch was observed at 3,500 -3,300 and 3,400 -3,200 cm −1
, ≡CH stretch was observed at 3,300 cm
, unsaturated C-H stretch was observed over 3,000 cm −1 , saturated C-H stretch was observed at 3,000 -2,800 cm −1 , -CH 3 stretch was observed at 2,960±5 cm −1 and 2,870±10 cm
, -CH 2 stretch was observed at 2,930±5 cm
, -C≡C-stretch was observed at 2,600 -2,100 cm , C=C stretch was observed at 1,680 -1,620 cm −1 , -NO 2 stretch was observed at 1,600 -1,500 cm −1 and 1,300 -1,250 cm −1 , C-O stretch was observed at 1,300 -1,000 cm −1
, S=O stretch was observed at 1,220 -1,040 cm . The fractions of peptide bonds in α-helical, β-sheet, and aperiodic conformations can be accurately estimated by analysis of the amide I band (1,600 -1,700 cm −1 ) in the MIR region of CPS. The PEF treated sample had no change in above groups and had a slightly higher absorbance than the untreated sample from 3637.75 cm −1 to 3000.00 cm −1 . It indicated that PEF processing could change the structure of peptides, so the results of MIR spectroscopy might be different with the untreated sample.
Conclusions
In this paper, the effect of PEF technology on improving antioxidant activity of the CPS was observed. When evaluated using the DPPH inhibition assay, the antioxidant activity of peptides can be improved by PEF processing. Based upon the results of the OFAT experiments and optimization by RSM, it can be seen that concentration, electric field intensity, and pulse frequency had significant effects on the response values. , over the full mid-IR range (400 -4,000 cm
−1
). The KBr sample pellets were prepared by mixing 1 mg of a sample with 200 mg of KBr. PEF treated sample and untreated sample were placed sample compartment with automatic accessory recognition at the scanning speed of 2.8 mm s −1 . After background correction, all spectra were baseline corrected, and then samples spectra were obtained
In conclusion, a desirable quadratic polynomial mathematical model was obtained with the following optimal technical conditions for peptides: concentration of CPS 10 mg mL −1 , electric field intensity 15 kV cm −1 , and pulse frequency 2,000 Hz. Under these conditions, PEF technology has great influence on improving antioxidant activity of polypeptides (MW 10 to 30 kDa) from CPS. Optimized conditions showed an increase in DPPH inhibition of 32.10 %, compared to the antioxidant activity of the polypeptide without PEF treatment. It can be concluded that PEF technology could improve the antioxidant activity of antioxidant peptides from corn protein under the optimized conditions. Additionally, the change of structure and functional groups of samples were analyzed using MIR. In MIR, the PEF treated sample had a slightly higher absorbance than the untreated sample from 3637.75 cm −1 to 3000.00 cm −1 .
